Anisotropic wet pattern etching of copper foil depends in part on nonuniform convective mass transport caused by local hydrodynamic eddies. 1 Such processes influence the supply of etchant to the surface as well as removal of dissolution products from the surface. In the present investigation, the local mass-transfer rate along the interior bottom surface of rectangular microcavities was measured by an electrochemical method and was compared with theoretical predictions made with two numerical methods. 2 Laminar flow in recesses is characterized by the Reynolds number, Re o , and the aspect ratio, ␤ (depth/width). The literature is rich in theoretical treatments of Stokes flow (Re o < 0.1) in rectangular cavities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In shallow cavities (␤ < 0.30), the outer flow penetrates into the cavity and moves parallel to the central region of the cavity floor, 9-11 and two recirculating eddies form in the corner regions. 11 In deep cavities (0.50 < ␤ < 1.0), the outer fluid separates at the cavity mouth, resulting in a center line eddy. [6] [7] [8] [9] [10] [11] [12] For very deep cavities (␤ > 1.0), a series of center line eddies form, each having progressively decreased intensity 8, [10] [11] [12] such that the fluid near the cavity base may be virtually stagnant. 9, 11 In such cases, corner eddies also exist but occupy only 10% of the cavity height. 12 An intermediate range of aspect ratios exists (0.32 < ␤ < 0.48) where neither full penetration nor a central eddy is observed. Rather, two vortices are surrounded by a set of oblong dividing streamlines. 10, 11, 13 For Re o > 1, numerical solution of the two-dimensional Navier-Stokes equation predicts asymmetric hydrodynamic profiles owing to inertial effects. 6, [14] [15] [16] The mass-transfer rate distribution in a cavity with reactive surfaces can be significantly influenced by hydrodynamic motion. In general, the highest transport is observed at the point where fresh solution first contacts the surface. 1 For example, in a shallow cavity, with a reactive bottom and inert sidewalls, the highest mass-transfer rate is in the upstream region where the external flow penetrates to the cavity base. For a deep cavity in a laminar flow field, the highest mass-transfer rate occurs in the downstream region where inertia carries the freshest fluid to its point of first contact with the surface. In both shallow and deep rectangular cavities, the transport rate at the interior corners is low owing to weak recirculation of corner eddies. 2, 17 Experimental investigations of the hydrodynamic profiles in cavities have traditionally been carried out using visualization experiments that employ tracer techniques. 7, 9, [18] [19] [20] Techniques to measure mass-transport rates from cavities have included capillary evaporation, 21 hot wire measurements, 22 and the electrochemical limiting current technique. 2, 23, 24 For microelectronic processing applications, the systems of interest are cavities that have characteristic dimensions ranging between tens of micrometers and downward to the submicrometer size, having characteristic Reynolds number values orders of magnitude smaller than those achieved in experimental cavities of larger scale. Numerical simulations may be used to scale down to small sizes, and experimental studies at the Re values of interest require particularly small mass-transfer probes. The purpose of the present investigation was to extend the measurement of local mass-transfer rates to small systems and compare such data with numerical simulations.
Anisotropic wet pattern etching of copper foil depends in part on nonuniform convective mass transport caused by local hydrodynamic eddies. 1 Such processes influence the supply of etchant to the surface as well as removal of dissolution products from the surface. In the present investigation, the local mass-transfer rate along the interior bottom surface of rectangular microcavities was measured by an electrochemical method and was compared with theoretical predictions made with two numerical methods. 2 Laminar flow in recesses is characterized by the Reynolds number, Re o , and the aspect ratio, ␤ (depth/width). The literature is rich in theoretical treatments of Stokes flow (Re o < 0.1) in rectangular cavities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In shallow cavities (␤ < 0.30), the outer flow penetrates into the cavity and moves parallel to the central region of the cavity floor, [9] [10] [11] and two recirculating eddies form in the corner regions. 11 In deep cavities (0.50 < ␤ < 1.0), the outer fluid separates at the cavity mouth, resulting in a center line eddy. [6] [7] [8] [9] [10] [11] [12] For very deep cavities (␤ > 1.0), a series of center line eddies form, each having progressively decreased intensity 8, [10] [11] [12] such that the fluid near the cavity base may be virtually stagnant. 9, 11 In such cases, corner eddies also exist but occupy only 10% of the cavity height. 12 An intermediate range of aspect ratios exists (0.32 < ␤ < 0.48) where neither full penetration nor a central eddy is observed. Rather, two vortices are surrounded by a set of oblong dividing streamlines. 10, 11, 13 For Re o > 1, numerical solution of the two-dimensional Navier-Stokes equation predicts asymmetric hydrodynamic profiles owing to inertial effects. 6, [14] [15] [16] The mass-transfer rate distribution in a cavity with reactive surfaces can be significantly influenced by hydrodynamic motion. In general, the highest transport is observed at the point where fresh solution first contacts the surface. 1 For example, in a shallow cavity, with a reactive bottom and inert sidewalls, the highest mass-transfer rate is in the upstream region where the external flow penetrates to the cavity base. For a deep cavity in a laminar flow field, the highest mass-transfer rate occurs in the downstream region where inertia carries the freshest fluid to its point of first contact with the surface. In both shallow and deep rectangular cavities, the transport rate at the interior corners is low owing to weak recirculation of corner eddies. 2, 17 Experimental investigations of the hydrodynamic profiles in cavities have traditionally been carried out using visualization experiments that employ tracer techniques. 7, 9, [18] [19] [20] Techniques to measure mass-transport rates from cavities have included capillary evaporation, 21 hot wire measurements, 22 and the electrochemical limiting current technique. 2, 23, 24 For microelectronic processing applications, the systems of interest are cavities that have characteristic dimensions ranging between tens of micrometers and downward to the submicrometer size, having characteristic Reynolds number values orders of magnitude smaller than those achieved in experimental cavities of larger scale. Numerical simulations may be used to scale down to small sizes, and experimental studies at the Re values of interest require particularly small mass-transfer probes. The purpose of the present investigation was to extend the measurement of local mass-transfer rates to small systems and compare such data with numerical simulations.
Experimental
The electrode array consisted of ten gold electrode sections, each 10 µm wide, 3.5 mm long, spaced 1 m apart. Extending from each electrode section were lines that led to contact pads. The array was fabricated by photolithography in a class 100 clean room as described in detail elsewhere. 2 A cavity was constructed around the array by photolithography with a negative, dry, 38 m, thick-film photoresist (DuPont 4615). The cavity opening was 109 m ϫ 3.5 mm when viewed from above. One cavity thickness was fabricated by using double layers of the film. In fabrication of the double-layer cavity it was difficult to clean the microelectrode array completely and the resulting sidewall geometry was not reproducible, such that the cavity was undercut at the cavity floor. The test cavity was inserted in the bottom wall of a rectangular flow cell having a cross section of 2 ϫ 0.1 cm, an entrance length of 19 cm (100 hydraulic diameters), and an exit length of 8 cm (40 hydraulic diameters). Compressed nitrogen was used to provide pulse-free flow over a range of 0.017-25 cm 3 /s. A saturated calomel reference electrode (SCE) [0.242 V vs. a normal hydrogen electrode (NHE)] was placed in the inlet port, and a coiled platinum counter electrode was placed in the outlet port.
The solution composition was 0.01 M K 4 Fe(CN) 6 , 0.01 M K 3 Fe(CN) 6 , and 0.100 M KNO 3 in deionized/distilled water. The solution density at 20ЊC was measured to be 1.077 g/cm 3 , and a viscosity of 1.0 mPa s and a diffusivity of 0.6 ϫ 10 Ϫ5 cm 2 /s have been reported in the literature. 25 Electrochemical limiting current experiments were performed under potentiostatic control (PAR 173). Individual electrode currents S0013-4651(99)07-003-2 CCC: $7.00 © The Electrochemical Society, Inc.
were measured through an array of current followers connected to a switch box, recorder (Houston 2000), and a multimeter (Keithley 175). Cyclic voltammograms recorded in the active region for the one electron-transfer reduction of K 3 Fe(CN) 6 (0.5 to Ϫ0.6 V vs. SCE) were used to confirm that all electrode segments exhibited a uniform electrochemical response. Measurements of local and average mass-transfer rates were carried out at Ϫ0.3 V (vs. SCE). Figure 1a is a schematic diagram of the cross section of the twodimensional cavity geometry that was used for numerical simulations. The two-dimensional, laminar, convective-diffusion equations were solved for [Fe(CN) 6 ] Ϫ3 with boundary conditions and parameters that corresponded to the foregoing experimental configuration.
Theoretical Model
Additional computations of flow and transport by diffusion, migration, and convection were carried out with unknowns consisting of concentrations for the four-species system of [Fe(CN) 6 6 ] Ϫ3 , respectively. All symbols are defined in the list of symbols that follows the text. Two methods were implemented for the simulations: (i) a finite-difference based method Etching and Reaction Modeling of Electrochemical Systems (ERMES), and (ii) a commercial finite-element program (FIDAP). The use of ERMES allowed the exploration of the effect of migration numerically, whereas the use of FIDAP allowed the study of the effect of more complex geometries, such as the undercut cavity.
Convection diffusion.-The ERMES model incorporated the streamfunction-vorticity formulation for the laminar planar flow which is described in detail in previous work. 16 The concentration distribution was obtained from
where ١*иN* ϭ ϪD*١* 2 C * ϩ Pe o u*и١*C* [2] with the applied boundary conditions of
on the electrode surface [4] on the photoresist surfaces and the right boundary, and C* ϭ 1 [5] on the top and at the left entrance boundaries. The FIDAP model incorporated the 2D Navier-Stokes/continuity equations for the flow field and the convective-diffusion equation for transport. Therefore, for the fluid flow
Re o (u*и١*u*) ϭ Ϫ١*P* ϩ ١* 2 u* [6] ١*u* ϭ 0 [7] where [8] and [9] with boundary conditions
on the solid surfaces u x * ϭ constant and u y * ϭ 0 [11] on the top boundary [12] on the exit boundary, and u x * ϭ f(y) and u y * ϭ 0 [13] on the entrance boundary where f(y) was a linear flow field and u x was assigned a constant value on the top boundary. The concentration distribution was obtained from Eq. 1-5, but with the use of FIDAP.
Migration plus convection diffusion.-In addition, ERMES was used to consider the effect of migration. Modeling of migration involved solving the general transport equation for each species along with the electroneutrality condition for the potential. 26 The species were numbered (1) and [15] where
ϩ Pe o u*иٌ*C i * [16] with the applied boundary conditions of
and [18] [19]
on the electrode surface [20] and [21] on the photoresist surfaces, and the right boundary [22] and ⌽* ϭ 0 [23] on the top boundary. Condition 23 corresponds to the situation where it was assumed that the top of the calculation domain was an equipotential line, a choice justified by refining the placement of the top boundary until the results were not affected. In addition
and Table I .
Figures 1b and c illustrate the two meshes used for finite-difference and finite-element calculations, respectively; these geometries corresponded to the rectangular and experimental cavity geometry shown in Fig. 1a . The problem was specified as a steady-state, twodimensional, Newtonian, incompressible, laminar flow system. The mesh used in finite difference calculations was nonuniform, consisting of 4605 nodes for the convective diffusion and 4666 nodes for the complete transport cases; this method is fully described in another study. 16, 26 The finite-element mesh consisted of nine node isoparametric quadrilateral elements, with a biquadratic velocity and discontinuous linear pressure. Mesh boundaries were placed at a distance of 2l 0 from the cavity entrance, exit, and channel floor. In both cases the optimum grid was identified by progressive refinement until the obtained solution was accurate within 10 Ϫ4 .
Results and Discussion Electrode calibration.-To insure that the flow cell hydrodynamics and sectioned electrodes were properly designed, parallel-plate experiments were conducted. The flat plate experiments were carried out on an ultramicroelectrode array with a cavity mask that was 1 m thick, resulting in a cavity aspect ratio of 0.01. The electrode array length was placed perpendicular to the direction of flow. Data in Fig. 2 show the local mass flux distribution measured with the microelectrodes at various flow rates. The solid lines correspond to the theoretical results for mass transport from a flat plate 27,28 [26] The close agreement of experimental data with Eq. 26 demonstrated that local mass-transport rates can be measured at the microscale and verified that the flow corresponded closely to a two-dimensional case.
Average mass-transfer rate.- Figure 3 shows the dependence of average mass-transfer rate on the fluid velocity for a cavity with aspect ratio of 0.5. The experimental data is represented by (᭹), while (ᮀ) represents the ERMES and the (᭝) the FIDAP results. It is seen in Fig. 3 that below a Pe o of 1000, the slope of the curves is small, indicating that diffusion is significant to the average transport; above a Pe o of 1000, the significantly higher slope of the curves shows that convection dominates the average mass transport. In both regimes, the numerical and the experimental average mass-transport rates are in agreement to within 10 to 30%. Figure 5 shows the numerically predicted streamlines and concentration contours by ERMES in a cavity with an aspect ratio of 0.5 for Re o of 0.015, 1, and 53. Fig. 5a (right) show that at low Pe o , the concentration contours extend into the flow channel due to diffusive effects; while Fig. 5b and c (right) shows that at high Pe o values, the concentration gradient is pushed to the cavity floor and the cavity is well mixed due to convective effects. The steepest gradients are observed downstream where the freshest fluid enters the cavity. From the streamlines in Fig. 5 (left) and the shear stress profiles along the cavity bottom wall, a pair of substantially smaller interior corner eddies was evident within this geometry.
Although the hydrodynamic pattern was constant throughout the flow range considered, the magnitude of the shear stress, and correspondingly, the mass-transport rate, increases with increasing flow rates. The hydrodynamic flow pattern, however, changes with both the Reynolds number and the aspect ratio. Additional simulations re- 
vealed that the hydrodynamic flow pattern changes with increasing Re o for aspect ratios less than unity (more shallow than square cavities); the deeper the aspect ratio, the less the hydrodynamic profile changes with increasing Re o . For square cavities, the shear stress profile, and thus the flow field, at a Re o of 0.025 was identical to that at 200, a result that supports numerical results that assume Stokes flow within this cavity. [10] [11] [12] The present simulations showed that the hydrodynamic pattern changes significantly as cavities become more shallow than 0.5. Figure 6 shows the computed streamlines in a cavity with aspect ratios varying between 0.5 and 0.3 at Stokes flow (Re o ϭ 1). Figures 6a-c illustrates that the flow pattern consists of a central eddy, which expands as the aspect ratio decreases below 0.5. Figure 6d-f shows that the hydrodynamic profile at aspect ratios below 0.36 is symmetric and consists of two large side eddies enclosed by a single, oblong eddy, a result consistent with previous work. 11 From the streamlines and the shear stress profiles (not shown), small recirculating eddies are always present in the two interior corners. Figures 7a and b shows the mass-transfer profiles predicted by ERMES for an aspect ratio of 0.5 at various Pe o values for transport by migration plus convective diffusion (---), as well convective diffusion (-) for the rectangular cavity. Figure 7a shows that the masstransfer distribution exhibited a single-peak symmetrical profile at low Pe o values (<400) where diffusive effects were significant, and that the maximum flux shifted downstream (to 75% l o ) at high Pe o values (>30,000) where convective transport dominated the masstransport process. The downstream corner transport rate was relatively high in the cavity. Figure 8a and b shows the mass-transfer profiles predicted by FIDAP for an aspect ratio of 0.5 at various Pe o values for transport by convective diffusion and the rectangular cavity (solid curve), as well as convective diffusion (-и -и -) for the undercut cavity. Comparison between the profiles predicted for the two geometries (solid with dash-dot curves in Fig. 8a and b) for convective-diffusion simulations reveals a difference within 5 to 10% at all Pe o values studied. The shape of the undercut cavity shown in Fig. 1 consists of curved sidewalls and is slightly wider than the rectangular cavity; this in turn affects the flow pattern, but the results for the local mass transfer rates for the two geometries are not appreciably different. Comparison between the profiles predicted by the two numerical methods [(-) in Fig. 7a,b and 8a ,b] for convective-diffusion simulations reveals agreement to less than 1% at all Pe o studied. Furthermore, the refinement of the grid and the comparison of the two methods is illustrated in Tables III and IV at Pe o ϭ 89,000. Table III summarizes results for the local mass-transfer rate at three locations, at the point of maximum value, at the left, and at the right corner, for an increasing number of nodes in the computational domain when ERMES was used for the simulations. In addition, Table IV provides similar results for an increasing number of elements using FIDAP and when the rectangular geometry was modeled.
Transport including migration is lower within 10 to 15% than convective-diffusion transport (dash and solid curves) depending on the flow rate, a result better illustrated in Fig. 9 for Pe o ϭ 1810. Figure 9 shows the dimensionless current density along the cavity bottom, which is the expression of the local mass-transfer rate, for transport by diffusion, migration, and convection [total transport, (---), and convective diffusion (-)] as computed by ERMES. The ratio of their difference over the current density due to total transport is plotted at the right y axis locally; it is seen from Fig. 9 that this ratio ranges between 7 and 12%, i.e., the percentage which migration contributes to the total mass transport. In a different context the effect of migration on limiting current was reported for a ferri-/ferrocyanide system in the 1D rotating disk configuration (see Fig. 19 .3 in Ref. 29) . For the present case where the value of r (the square root of the ratio of the normality of the added ion to the counterion) is about 0.75, one finds from Fig. 19.3 that the effect of migration would be to lower the cathodic limiting current in the 1D rotating disk system by approximately 20%. Method comparison.-The mass-transport rate profiles measured experimentally (see Fig. 4 ) were similar in shape to the numerical simulations, especially at high Pe o values where convection dominates the transfer (see Fig. 7 and 8) ; however, differences were observed in the profile peak location and in the magnitude, especially beyond the peak. The numerical profiles exhibited the peak approximately 15% l o further downstream than the experimentally measured position at high Pe o values. Because fabrication of the cavity with an aspect ratio of 0.5 was difficult and the resulting geometry was not reproducible, the discrepancy between the peak position of the flux profiles is attributed to differences in the actual geometry used in the experiments and the geometry used in the numerical models. If the geometry of the experimental cavity were affected by the test process, as, for example, swelling of the cavity photoresist upon exposure to the electrolyte, such sensitivity could account for qualitative differences observed between numerical and experimental results such as the peak position. Figure 8 illustrates how results may vary when the profile of the cavity is different; the actual experimental cavity geometry was approximated by a blank sample for simulation purposes, because the photoresist is damaged after exposure to the test solution. The reproducibility of experimental results was tested for a flat plate in channel flow; both local and average mass-transfer rates were consistent with the Lêvêque equation. In addition, preliminary testing of each electrode array using cyclic voltammetry verified the performance of each electrode. However, since the profile varied for the test cavities, the uncertainty of measurements in the cavity with experimental resolution of 10% of the cavity width was appreciable, but exact data of the uncertainty were not recorded.
As discussed, the hydrodynamic flow pattern within the cavity is sensitive to aspect ratio variations for cavities shallower than 0.5. To assess the effect of aspect ratio on the mass flux, the local masstransfer profiles from cavities with aspect ratios ranging from 0.25 to 0.5 were calculated. Figure 10a shows the ERMES-generated flux profiles for rectangular cavities with aspect ratios ranging from 0.25 to 0.5 for a linear shear flow field (with a top boundary at 2 l o ) at a Pe o of 1810; the corresponding flow field patterns are depicted in Fig. 6 . At cavities with aspect ratio less than 0.33, Fig. 6 shows the presence of two distinctive eddies at the interior corners; the local mass-transfer rate is nonuniform, exhibiting a maximum close to the central part of the bottom wall which is exposed to appreciably higher velocities than the corners where the eddies are present, as illustrated in Fig. 10a . The minimum rate is in the neighborhood of the separation point of the external flow at the downstream side, where a boundary layer forms from the downstream corner to the separation point, owing to the clockwise direction of the recirculating eddy. As the aspect ratio increases above 0.33, Fig. 6 depicts that the eddies coalesce into a major vortex which distinctively occupies the entire cavity at ratios higher than 0.36. The mass-transfer rate is nonuniformly distributed between its smallest value at the upstream corner to its highest value close to the downstream corner, owing to the clockwise motion of the vortex which makes supplying fresh solution to the upstream corner more difficult, as shown in Fig. 10a . Further discussion about the influence of cavity geometry to flow pattern and local mass-transfer rate is provided in a previous work. 16 Similarly, Fig. 10b shows the FIDAP-generated flux profiles for rectangular cavities with aspect ratios ranging from 0.25 to 0.5 for a parabolic flow field (with a top boundary at 8 l o ) at a Pe o of 38,500. In both Fig. 10a and b the maximum flux shifts from upstream (at 40% l o ) at an aspect ratio of 0.25 to downstream (near 80% l o ) for an aspect ratio of 0.5. It is noted that the experimental resolution is 10% of the cavity width and features such as the maximum located near 90% l o for the 0.25 aspect ratio would not be detected experimentally.
Conclusion
This work demonstrated the ability to resolve, on a 10 m scale, the local mass-transfer distribution within small cavities subjected to an external flow field. Local mass-transfer measurements from a flat plate (Fig. 2) verified that the technique was accurate in a benchmark system. Local mass-transfer profiles were measured from the base of an undercut microcavity with an aspect ratio of 0.5 (Fig. 6) .
Numerical simulations of the streamfunction-vorticity, convectivediffusion, and convective-diffusion-migration equations were performed using a research-grade, finite difference program, ERMES. In addition, simulations of the Navier-Stokes/continuity and convectivediffusion equations were carried out using a commercial finite element program, FIDAP. The simulations provided streamline contours, concentration contours, shear stress profiles, and local mass-transfer profiles from microcavities of various geometries and aspect ratios subjected to a laminar shear or a parabolic flow field.
The numerical simulations revealed that the hydrodynamic patterns within the cavity varied with Re o for cavities with an aspect ratio less than unity but was constant throughout the range of Re o considered for a square cavity; the hydrodynamic pattern is sensitive to aspect ratio variations below 0.5 ( Fig. 5 ) and becomes very sensitive to variations in the Re o at a critical aspect ratio of 0.33.
The predicted local mass-transfer profiles by ERMES were in a very good agreement with those computed by FIDAP, provided that the same degree of mesh refinement was used in both codes. Additional computations that took ionic migration into account in a multicomponent system revealed that migration accounted for 15% of the total mass transfer (Fig. 9) . Such computations by ERMES are both sophisticated and aggressive since the exact form of the transport equations is treated with no simplifications, and this cannot be carried out by using direct implementation of FIDAP; the significance of ERMES is apparent in systems where migration is important. The experimental and numerical local mass-transfer profiles were comparable in shape but differed in magnitude and in peak position by 15% of l o . ERMES and FIDAP were used to test the sensitivity of the flux profiles to the channel flow profile and the cavity aspect ratio. Although each variation affected the flux profile shape, none was sufficiently large to invalidate our modeling assumptions. The numerically predicted and experimentally measured average mass-transport rates were in agreement to within 10 to 30% at both the diffusion and convective mass-transport regimes.
These data are among the first local mass-transfer distribution measurements obtained with an array of electrodes at the micrometer level. Further experimental designs for measurements in other geometries are being considered for future investigation. Although applications such as those in the microelectronics industry employ even smaller cavities, the present results provide a basis of comparison for simulations at cavity Re values well below those previously examined experimentally. In addition, numerical simulations can be used to scale down to the smaller systems. ERMES can be directly applicable to compute fluxes of reacting ions at electrode interfaces, particularly in systems where migration is important, such as plating solutions in microelectronics technology. This code can be used as the basis for predicting shape evolution in electrodeposition and etching processes; such applications are currently being developed and are planned to be reported in the near future.
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